Aircraft measurements of two cumulus clouds were made during the Ice and Precipitation
Introduction
Ice plays an important role in global rainfall (Field and Heymsfield, 2015) . Therefore it is important to understand the microphysical processes involved in the formation and development of ice particles and precipitation in order to improve numerical weather prediction and global climate models.
There have been many reports of ice particle concentrations that are much higher than typical concentrations of ice nuclei (e.g. Mossop et al., 1972; Hobbs and Rangno, 1985; HarrisHobbs and Cooper, 1987; Blyth and Latham, 1993; Bower et al., 1996) . Several secondary ice production processes are suggested to be responsible, but the Hallett-Mossop (HM) process of splintering during riming is the most studied and the most quantified. Although the conditions for the operation of the HM process are strict, there is considerable evidence that this process operates in cumulus clouds in many parts of the world (e.g. Harris- Hobbs and Cooper, 1987; Blyth and Latham, 1993; Huang et al., 2008; Crosier et al., 2011) . Results of calculations performed by Chisnell and Latham (1976) showed that supercooled raindrops can play an important role in the glaciation of clouds by the HM rime-splinter mechanism because instant rimers are produced when the raindrops freeze. Later modelling studies by, for example, Koenig (1977) , Lamb et al. (1981) , Phillips et al. (2001) , Sun et al. (2012) and Crawford et al. (2012) further illustrated the importance of supercooled raindrops in the HM multiplication process. In addition, Chisnell and Latham (1976) found that the rate of glaciation may be substantially enhanced if the raindrops themselves produced splinters as they froze. Supercooled raindrops have been observed in convective clouds, for example in Florida by Bringi et al. (1997) , in New Mexico by and in England by Caylor and Illingworth (1987) .
The study of Hallett and Mossop (1974) demonstrated that the secondary ice crystals were produced in the laboratory by a riming rod that reproduced the growth of graupel particles by riming. Mossop and Hallett (1974) found that the splinter production rate is directly proportional to the concentration of droplets with d > 23 μm. Mossop (1978a) performed further experiments which also show the importance of the small-drop end of the cloud droplet spectrum in the splintering process and produced a formula that is a best fit to the data. However, the nature of the splintering process is not yet clear. By reviewing the work on the ice multiplication processes and the nature of the splinter production in particular, Mossop (1985) pointed out that there has been 'strong evidence that the production of ice splinters during riming is associated with the build-up of pressure within freezing drops', but the spike formation upon shattering is the subject of some discussion. Alternative processes are possible (e.g. Knight, 2012) . In this article, we present model analysis based on two very different convective cloud cases; one with high and the other with low concentration of ice particles. The purpose is to determine the importance of supercooled raindrops in singlethermal, relatively short-lived clouds and the concentration of ice crystals produced by primary ice nucleation required to allow the HM process (as currently understood) to operate efficiently. The clouds in the two cases were observed with the Facility for Airborne Atmospheric Measurements (FAAM) BAe-146 research aircraft during the Ice and Precipitation Initiation in Cumulus (ICEPIC) campaign in southwest England and Wales in the summer of 2005 and May 2006. Modelling studies were performed using a detailed bin microphysics model. The observations are briefly described in section 2. The instruments and the cloud model are introduced in sections 2 and 3, respectively. The results of simulations are presented in section 4. Summary and conclusions are given in section 5.
Overview of the observational cases
The ICEPIC field campaign was conducted in southwest England during [2005] [2006] with the goal of understanding and quantifying the formation and growth of ice particles in cumulus congestus clouds with the BAe-146 research aircraft.
Microphysics instruments on board the aircraft included the Fast Forward Scattering Spectrometer Probe (FFSSP), the 2DC (cloud) and 2DP (precipitation) probes (Brenguier et al., 1998; Jensen and Granek, 2002; Knollenberg, 1970; Korolev, 2007) , and the Cloud Particle Imager (CPI; Lawson et al., 2001) . The liquid water content (LWC) was measured with the Johnson-Williams probe (Strapp et al., 2003) . Aerosol concentration and size distribution were measured with the Passive Cavity Aerosol Spectrometer Probe (PCASP; Strapp et al., 1992) . Huang et al. (2008) gives further details of the instruments. In this article two contrasting cases are studied, Case A on 18 May 2006 and Case B on 13 July 2005. Details of the cases can be found in Huang (2014, Chapter 5) and only an overview is given here.
Aircraft penetrations in Case A were made through convection along a weak convergence line over the peninsula of southwest England. Cloud tops reached the height where the temperatures were approximately −18
• C from the MSG IR-derived cloudtop temperature. Case B was under the influence of a weak high pressure ridge over Wales and England. Penetrations were through isolated convection. Some clouds near the Chilbolton 3 GHZ radar reached an altitude of about 6 km (T ≈ −12
• C). Table 1 summarizes the cloud properties measured by the instruments on board the aircraft. Although the maximum vertical velocities of the two cases were comparable, Case B had about 1.4 times higher concentration of cloud droplets than Case A. However, the maximum number concentration of ice particles, estimated with the concentration of particles larger than 150 μm from the 2DC and 2DP, and the maximum concentration of cloud particles larger than 1 mm were very different in the two cases. The threshold of 150 μm was used based on visual inspection of the 2D images to reduce the impact of possible artifacts such as shattering on the concentration of small ice particles (Huang et al., 2008; Korolev, 2010) .
During the third penetration in Case A at z ≈ 2.7 km (T ≈ −4.5 • C, T ct ≈ −10 • C), the ice concentration reached a maximum value of 110 L −1 , which is greater than the typical ice concentration due to primary nucleation estimated by the formula of Meyers et al. (1992) with the cloud-top temperature T ct of about −10 • C. The conditions for secondary ice production by the HM process were met in this case. In contrast, the maximum ice particle concentration in Case B was about 6 L −1 . The observations suggested that the HM process may have operated in the clouds observed in Case A, but not in those observed in Case B. Supercooled raindrops were observed in both cases, but the concentration was greater in Case A. Modelling studies using the Model of Aerosol and Chemistry in Convective Clouds (MAC3) were performed in order to investigate the role of supercooled raindrops in the formation of ice particles and the multiplication due to the HM process. No other secondary ice process was investigated.
Model and set-up

The model
MAC3 is an axisymmetric model with bin-resolved microphysics for drop, ice crystal, graupel and snow, and aerosol. The liquid microphysical processes include activation of cloud condensation nuclei (CCN), diffusional growth, collision-coalescence, breakup, evaporation. The primary ice processes have immersion freezing (Bigg, 1953) , deposition/condensation freezing (Meyers et al., 1992) , and contact freezing (Meyers et al., 1992; Cotton et al., 1986) . For the secondary ice production process, only the HM process of splintering during riming is considered in the model. The formula used is given by Mossop (1978a) , where the splinter production rate is proportional to the concentration of large (d > 24 μm) and small (d < 13 μm) droplets swept by graupel particles in the HM temperature zone per second. There are many other microphysical processes included. A detailed description of the model can be found in Tzivion et al. (1987) , Reisin et al. (1996) and Yin et al. (2005) . The model has been previously used extensively (e.g. Cui et al., , 2011 Huang et al., 2008 Huang et al., , 2011 Blyth et al., 2012) . 
Set-up of simulations
The model domain used was 12 km in the vertical and 6 km in the radial direction with a grid size of 300 and 150 m, respectively, for both cases. The sounding (Figure 1 ) used in the Case A simulation was made at Camborne at 1200 UTC. It was modified at levels from 0.3 to 6 km by using the data from the aircraft profile flight around this area at about 1015 UTC. For the simulations of Case B, a slightly modified sounding (with the lapse rate set to 0.01 • C m −1 only at low levels) from Larkhill at 1200 UTC was used for the background conditions. For each case, the observations of aerosol particle distribution from the PCASP in the sub-cloud layer were used for the aerosol background conditions by using the same approach as in Huang et al. (2008) . Table 2 shows the background aerosol properties used for the simulations. To investigate the role of supercooled raindrops in the formation and development of ice particles, sensitivity tests were conducted for both cases. Table 3 gives the description of the simulations. S10 to S15 are the simulations of Case A and S20 to S23 of Case B. S10 and S20 are the respective reference runs.
Results
Reference Run S10: the 18 May 2006 cloud
Run S10 was made using the observed background aerosol distribution given in Table 2 . Figure 2 shows a time sequence of vertical sections with the spatial distribution of the wind field and concentrations of drops, ice and graupel particles from 15 to 40 min into the simulation at 5 min intervals. The cloud was in a development stage before 25 min (Figures 2(a)-(c) ). The maximum vertical velocity and concentration of cloud drops at 2.1 km were about 7 m s −1 and 149 cm −3 , respectively, in agreement with the observations. Primary ice nucleation occurred at the cloud top (T ≈ −6
• C), where the deposition/condensation freezing process dominated. ; initial thermal bubble =0.9 K at m = 3 and k = 2 to 5 S11 As S10 but no raindrops collecting ice or snow to become graupel and no immersion freezing to graupel S12 As S10 but no immersion freezing S13 As S10 but no deposition/condensation freezing S14 As S12 but with 0.5% of deposition/ condensation freezing S15 As S12 but with 0.05% of deposition/ condensation freezing S20 For Case B: Larkhill sounding at 1200 UTC 13 July 2005; N a =1219 cm −3 ; initial thermal bubble=0.9 K at m = 3 and k = 2-3 S21
As S20 but using aerosol data for Case A with N a =561 cm −3
S22
As S21 but using initial thermal bubble =1.5 K at m = 2-3 and k = 2-3 S23 As S22 but using enhanced deposition/ condensation freezing scheme by twofold and no restriction of T < −5 • C m and k are the grid index in the vertical and radial directions, respectively.
There was no significant production of graupel particles at this time. At 30 min into the simulation (Figure 2(d) ), the maximum vertical velocity increased to about 11 m s −1 at 3 km. Meanwhile, the concentration of graupel particles produced by the model had increased significantly (> 0.1 L −1 ) in the HM zone in a place with weak updraughts. This allowed the process of ice splintering during riming to operate effectively. The maximum ice production rate of the HM process was 1075 m −3 s −1 at 30 min. Two minutes later, the ice concentration reached a cloud maximum of 170.8 L −1 at z ≈ 3 km and x ≈ 0.75 km in the HM zone (−3 to −8
• C). The maximum ice concentration in the HM temperature range was 83.47 L −1 at 35 min (Figure 2 (e)). At 40 min into the simulation (Figure 2 (f)) the cloud started to glaciate and the maximum concentration of drops was only 47 cm −3 . The main features, such as the maximum vertical velocity, the maximum concentration of drops, and the maximum concentration of ice particles, of the simulated cloud are in reasonable agreement with the observations. The HM process is responsible for the high concentrations of ice particles in the model reference run. The agreement of model parameters with the observations suggests that the observed high concentrations of ice particles are a result of the HM process, although it is possible that a different process not included in the model was responsible. The timing of the appearance of significant amount of graupel in the HM temperature zone is crucial to the effective operation of the HM process since there would not be sufficient number of droplets available in these short-lived clouds if the graupel fell into the HM zone after developing above it. Graupel particles can be generated by the depositional growth of ice particles followed by riming, or by short-circuiting that process by direct freezing of supercooled raindrops through immersion freezing or through collisional collection with ice crystals. Some modelling studies (e.g. Chisnell and Latham, 1976; Phillips et al., 2001; Huang et al., 2008) have shown the importance of the presence of supercooled raindrops to the development of ice particles in the clouds.
The observations in the 18 May case presented above showed that supercooled raindrops were present in the cloud at z ≈ 2.1 km (T ≈ −1 • C) (Huang, 2014, Chapter 5) . The simulation showed that the supercooled raindrops first appeared at z ≈ 2.1 km at 25 min into the simulation but formed at upper levels within the HM zone at about 2 min earlier (Figure 3 ). The concentrations of the raindrops above 3 km reached a maximum before 30 min. Figure 4(a) shows the evolution of the maximum ice mass at levels from z ≈ 2.4 to 4.2 km. From Figure 4 (a), it can be seen that ice particles first appeared at z ≈ 3 km (T ≈ −5
• C) at about 17 min. The production of these ice particles in the model was due to deposition/condensation freezing, since the freezing in Meyers' scheme (Meyers et al., 1992) commences at T ≈ −5
• C (z ≈ 3 km in this case). The ice particles grew quickly at lower temperatures and higher supersaturation with respect to ice at the upper levels. The mass first reached 0.001 g m −3 at z ≈ 3.9 km (T ≈ −12
• C) at about 25 min and before 26 min the ice mass at the levels from z ≈ 3.3 to 4.2 km had all increased to 0.001 g m −3 . The main mechanism for the freezing of the supercooled raindrops into graupel particles in the model run is by collisional collection of ice particles. For appreciable freezing to occur, the ice crystals need to grow large enough in order for the collection efficiency to increase (Lew and Pruppacher, 1983) . The increase in ice mass indicated the growth in size of the ice crystals, because there was no sharp increase in ice concentration until 30 min (Figure 2 ). Figure 4(b) shows the evolution of the maximum concentration of graupel particles at levels from z ≈ 2.4 to Figure 3. Evolution of maximum concentration of raindrops at z = 2.1 to 3.9 km for S10.
4.2 km. The production of graupel started first at z ≈ 3.9 km (T ≈ −12
• C) at about 24 min and then a significant amount (> 0.1 L −1 ) of graupel was developed at about 27 min at 3.9 km. At 30 min, a significant number (0.1 L −1 ) of graupel particles developed at 3 km (T ≈ −5 • C), which allowed the secondary production of ice splinters by riming to commence (Figure 2(d) ). Note that it only took about 6 min from the first formation of graupel at 3.9 km to the production of 0.1 L −1 of graupel particles at 3 km.
It will be seen in the following sensitivity simulations that the production of graupel was dominated by the freezing of the supercooled raindrops, which occurred rapidly mainly due to the collection of ice crystals by the supercooled raindrops. So it is critical that ice particles are produced at a relatively high temperature of T ≥ −6
• C.
Sensitivity simulations S11 to S15: the 18 May 2006 cloud
The sensitivity tests are described in Table 3 . The test run S11 was designed to investigate if the mechanism of raindrop freezing dominates the production of graupel, and also the effect on the activation of the HM process. In S11, the production rate of graupel through immersion freezing of raindrops was set to zero and the kernels of raindrops collecting ice and snow were also set to zero. Therefore, the formation of graupel in S11 was only by the depositional growth of ice particles followed by riming, rather than by the freezing of supercooled raindrops. Other conditions remained the same as in the reference run S10. It is evident by comparing Figure 5 with Figure 4 that the formation of graupel in S11 was delayed by about 15 min at z ≈ 3 km, compared to the reference run. The maximum concentration of graupel in S11 was also much less than in the reference run. The delayed and suppressed production of graupel had a great impact on the operation of the HM process. The results are shown in Table 4 .
The maximum ice production rate due to the HM process was only 2 × 10 −4 m −3 s −1 which occurred at 45 min. There was no effective operation of the HM process in S11, where the mechanisms of supercooled raindrops directly freezing to graupel were switched off. There was no time to produce graupel by other means, i.e. by ice particle growing by diffusion and then by riming before the cloud dissipated, and there were insufficient cloud drops for the operation of the HM process. These findings in S11 are consistent with the modelling studies of Phillips et al. (2001) .
To investigate which mechanism is more important in the production of graupel through freezing of raindrops, two sensitivity tests S12 and S13 were performed. In S12 the mechanism of immersion freezing was switched off. The results in Table 4 show that there were no large differences between S12 and the reference run regarding the maximum concentration of graupel, the ice concentration, the HM production rate, the ice nucleation rate of deposition/condensation freezing, and the graupel production rate by collection processes. This suggests that the mechanism of immersion freezing of raindrops as defined in the model is not as important as the other mechanism of raindrops freezing by collecting ice in the production of graupel. Phillips S13 is the sensitivity simulation where the mechanism of deposition/condensation freezing was switched off. Figure 6 shows the evolution of ice mass and graupel concentration at altitudes from z ≈ 2.4 to 4.2 km. The ice particles first formed at z ≈ 4.2 km (T ≈ −15
• C) at 25 min due to immersion freezing, rather than at 3 km (T ≈ −5
• C) at 17 min in the reference run. The ice particles then grew by diffusion so there was an increase in ice mass reaching 0.001 g m −3 at about 33 min, 8 min later than in the reference run (Figure 4(a) ). The delayed development of ice particles led to the delayed development of graupel. From Figure 6 (b), it can be seen that graupel first formed at z ≈ 4.2 km at 25 min, but then the concentration of graupel increased slowly, until ice mass had a rapid growth. The concentration of graupel at z ≈ 3 km reached 0.1 L −1 at 33 min, 3 min later than in the reference run (Figure 4(b) ). The delayed and suppressed development of graupel led to delayed and suppressed development of secondary ice in this run.
From Table 4 , it can be seen that the maximum concentration of graupel reduced from 230.2 m −3 in the reference run to 136.7 m −3 in S13. The maximum ice multiplication rate also reduced significantly from 1075 to 428.6 m −3 s −1 and the maximum occurred about 5 min later than in S10. Therefore, the maximum concentration of ice decreased from 171 L −1 in S10 to 17.85 L −1 in S13. The results of the sensitivity simulations S12 and S13 showed that the mechanism of raindrops freezing upon impact with ice crystals was more important than the mechanism of immersion freezing of raindrops for the production of graupel. In addition, the first ice produced by deposition/condensation freezing was more important to the HM process than the ice Table 4 . Maximum concentrations of ice crystals (N i ) and graupel particles (N g ), ice production rates of multiplication (S nimul ), immersion freezing (S nifre ), and deposition/condensation freezing (S nidep ), and graupel production rates by immersion freezing (S ngfre ) and collection process (S ngcol ) for the simulations shown in Table 3 . N g is the maximum before the S nimul is reached. produced by immersion freezing for the cumulus cloud with moderate top temperatures (T > −20 • C), at least for the ice nucleation parametrizations used herein.
An important question is what concentration of primary ice is sufficient to allow an effective secondary ice production of the HM process in these clouds. Sensitivity tests S14 and S15 were made to address this question. The equation for the deposition/condensation freezing scheme includes a multiplying factor of 0.005 and 0.0005 respectively, and the immersion freezing was switched off. From Table 4 , it can be seen that the maximum ice multiplication rate and ice concentration were 356 m −3 s −1 and 22.71 L −1 respectively in S14, but were only 1.87 m −3 s −1 and 0.47 L −1 respectively in S15. The reason for the relatively ineffective operation of the HM process in S15 can be explained in Figure 7 .
It is evident that the formation of the first ice was more suppressed in S15 than in S14 (Figure 7(a) ), leading to less graupel being produced (Figure 7(b) ) since, as mentioned above, graupel was mainly produced by supercooled raindrops freezing upon impact with ice. By the time a maximum concentration of graupel (0.02 L −1 ) was produced at 42 min in S15 (Figure 7(b) ), the concentration of cloud drops at 3 km was only 13 cm −3 (Figure 7(c) ). However, in S14 there was a significant amount of graupel (greater than 0.1 L −1 ) at 36 min where there were still sufficient numbers of cloud drops available (68 cm −3 ) and thus the HM process was much more effective. Therefore, the concentration of the first ice can be as little as 0.5% of the original amount of deposition/condensation freezing nuclei, which is about 0.01 L −1 , for the HM process to produce a significant concentration of secondary ice particles in this particular cloud. Figure 7 clearly shows that there is a major change between 0.01 and 0.001 L −1 . This result is in agreement with the inference drawn by Crawford et al. (2012) from the observations.
Reference Run S20: the 13 July 2005 cloud
The reference run of the 13 July cloud was also performed for 1 h, by using the initial conditions mentioned in section 3.2 and in Table 3 . It is important to point out that the initial aerosol background conditions on 13 July were characterized with significantly larger total loading and more small and large aerosols, but fewer giant aerosols than on 18 May (Table 2) . Figure 8 shows the sequence of spatial distribution of the wind field and concentrations of drops, ice and graupel particles from 25 to 50 min into the simulation, at 5 min intervals.
Before 35 min (Figures 8(a) - (c) was 256 cm −3 at 3.9 km. The maximum concentration of large droplets (d > 24 μm) was 59 cm −3 at 3.9 km, a little greater than that of the small droplets (d < 13 μm) (56 cm −3 ). The cloud grew until 40 min when the cloud top reached a temperature T ≈ −12 • C (Figure 8(d) ).
The cloud had become mature by 45 min (Figure 8(e) ). The maximum vertical velocity had reduced to 10.7 m s −1 . The maximum concentration of ice and graupel particles had increased to 1.9 L −1 and 22.6 m −3 , respectively. The maximum concentration of large droplets at 5.1 km had increased to 75 cm −3 , much higher than that of small droplets (10 cm −3 ). The cloud had started to decay at 50 min (Figure 8(f) ). From Table 1 and Figure 8 it can be seen that the general features of the simulated cloud were close to the observations, such as the maximum vertical velocity (11.5 m s −1 ), the concentration of droplets (200-300 cm −3 ), the low concentrations of ice and graupel particles, and the change in the concentrations of large and small droplets with the cloud development.
The maximum ice production rate due to the HM process was only 9.402 m −3 s −1 (Figure 8(f) ), much smaller than 1075 m
in the 18 May cloud, showing that the HM process did not operate effectively in the 13 July cloud. The reason for this is now discussed. The freezing of supercooled raindrops by interacting with ice crystals was the main mechanism for the formation of graupel particles, similar to the 18 May cloud. Figure 9 shows the time evolution of the concentration of cloud drops, raindrops and graupel particles and ice mass and concentration at z ≈ 4.5 km (T ≈ −5 • C) for the reference run (S20) and other sensitivity runs discussed below. The solid black lines are the results of the reference run. The formation of graupel occurred after the increase in ice mass (Figure 9(d) ), which was similar to the 18 May case. However, the formation of raindrops and thus graupel occurred later in the 13 July cloud than in the 18 May cloud and the concentrations were lower. The maximum concentrations of raindrops and graupel at T ≈ −5
• C were 0.24 L −1 (Figure 9 (c)) and 31 m −3 (Figure 9(d) ), respectively, compared to values of 0.56 L −1 and 520 m −3 in 18 May reference simulation cloud (Figures 3 and 4) .
The low concentration of raindrops and hence graupel particles produced in the 13 July cloud was the main cause of the ineffective operation of the HM process. It is expected in the 13 July case that the high aerosol loading was responsible for the more numerous, but smaller, drops and low concentration of supercooled raindrops. Sensitivity studies were performed in order to investigate if other factors might have contributed, such as the initial aerosol background conditions, the strength of the initial warm bubble, and the temperatures at cloud-base and cloud-top levels. The results of these simulations are discussed in the next section.
Sensitivity simulations S21 to S23: the 13 July 2005 cloud
The configuration of S21 was the same as that of the reference run S20, but the initial aerosol background conditions of the 18 May case were used ( Table 2 ). The dashed lines in Figure 9 are from the results of S21. There was a lower concentration of cloud drops, as expected (Figure 9(a) ). There was a greater concentration of raindrops and they formed earlier (Figure 9(c) ). The first ice particles also formed a little earlier and grew faster in S21 than in S20 (Figure 9 (b)) due to higher supersaturation with respect to ice, since the supersaturation with respect to water was higher as a result of lower concentration of cloud drops in S21 than in S20 (Figure 9(a) ). Therefore, graupel was produced earlier and there was a greater concentration in S21 (Figure 9(d) ). The effect of this on the HM process is shown in Table 4 . The ice production rate of the HM process was enhanced to a maximum of 131.3 m
and the maximum concentration of ice increased to 8.2 L −1 . Therefore, the more polluted nature of the 13 July cloud may have contributed to the ineffective operation of the HM process. However, the ice multiplication rate in S21 is still much lower than that in the reference run of the 18 May case.
A strong thermal bubble was used in run S22 in order to test the influence of the strength on the HM process. The results are shown in Figure 9 . The cloud occurred about 9 min earlier in S22 than in S20 (Figure 9(a) ) and the concentration of raindrops (and hence graupel) was a little greater. However, the maximum ice concentration was still low (8.157 L −1 ) and the ice production rate of the HM process was even lower (48.92 m −3 s −1 ) than that in S21 (Table 4 ). In addition, the maximum ice production rate of deposition/condensation freezing was only 59.27 m −3 s −1 , which is about half of the corresponding values of S21 and S10. Therefore, the stronger thermal bubble did not have an important influence on the HM process in the 13 July case.
Considering that the cloud-top temperature of the 13 July cloud (−12
• C) was significantly greater than that of the 18 May cloud (−18
• C), so there was less primary ice, the sensitivity test S23 was performed with an artificially enhanced Meyers scheme (Meyers et al., 1992) , where the formula of deposition/condensation freezing included a multiplication factor of 2, and there was no restriction of T < −5
• C required for ice particles to be produced. The results are shown in Figure 9 . It is clearly seen that the concentration of graupel is greater in run S23 as a result of the enhanced production of the primary ice particles. The graupel was formed by collisions between supercooled raindrops and ice crystals. The increase in the concentration of graupel in response to increasing the concentration of ice crystals activated by primary nucleation by a factor of 2 is therefore further evidence that the above mechanism of the production of graupel from supercooled raindrops is the main mechanism. The maximum concentration of graupel increased from 115.3 m −3 in S22 to 173.9 m −3 in S23 (Table 4) . This value was closest to that in S14 (152.8 m −3 ) among the 18 May simulations. However, the maximum concentration of ice particles and the ice production rate of the HM process in S23 were both significantly lower than those values in S14. Figure 10 illustrates the reason for the less effective operation of the HM process in S23 than in S14. It shows the radial distribution of the concentration of large and small cloud droplets at T ≈ −5
• C at 30 and 35 min, when the HM process was operating. It is apparent that the concentration of large droplets in S23 was similar to that in S14, but the concentration of small droplets in S23 was much lower than that in S14. The maximum concentration of small droplets in S23 was only 3 and 2 cm −3 at 30 and 35 min, respectively, whereas it was 28 and 17 cm −3 in S14 at 30 and 35 min, respectively. The concentration of small droplets in both of the cases decreased as the cloud aged, which is in agreement with the observations (Huang, 2014, Chapter 5) . The secondary ice production rate of the HM process in S23 was significantly lower, since there were fewer small droplets available than in S14. This difference may be caused by the difference in the cloud-base temperature and thus the depth from the base to −5
• C level, provided the aerosol properties were the same, or a difference in the dynamics and amount of entrainment. The cloud-base temperature in S23 was about 15 • C (Figure 8 ), which is significantly greater than 10
• C (Figure 2 ) in S14. The greater depth from the cloud base to the −5 • C level in S23 allowed more droplets to grow into larger ones in the updraught. Therefore, the concentration of small droplets at the −5
• C level was lower in the greater depth case than in a thinner situation. In addition to this, the concentration of small droplets generally decreases with the increase of the distance from cloud base.
Summary and conclusions
Modelling analysis is presented in this article of the production of ice and precipitation for two observed convective cloud systems studied in the south of England and Wales as part of the ICEPIC project. The cases were on 18 May 2006 in Devon and 13 July 2005 in Wales. The clouds grew in different thermodynamic conditions in environments that contained significantly different aerosol concentrations.
The aircraft made passes through the 18 May cloud at temperatures from −1 to −7.9
• C as the cloud tops ascended. Supercooled raindrops were observed when the concentration of ice particles was only a few per litre. High concentrations of ice particles (110 L −1 ) were subsequently observed during the later penetrations and the conditions were conducive for the HM process. The agreement between the simulation of the single-thermal cloud and the observations suggested that the HM process was responsible for the observed high concentration of ice particles.
Sensitivity simulations of the cloud were conducted to investigate the role of supercooled raindrops in the development of ice and in the operation of the HM process. The sensitivity simulations showed that the fast production of graupel by freezing of supercooled raindrops was crucial to the activation of the HM process. When the mechanisms of raindrops freezing to graupel were switched off in this cloud, the production of graupel was much delayed and suppressed and thus the HM process did not occur. Furthermore, in the two mechanisms of the production of graupel, the freezing of raindrops through collisional collection with ice particles was more important than through immersion freezing. In addition, the production of graupel was more sensitive to the primary ice produced by deposition/condensation freezing than by immersion freezing for the case with a moderately low cloud top temperature (e.g. T ct > −20
• C). A concentration of only approximately 0.01 L −1 generated by the primary ice process was sufficient in the model to allow the HM process to become significant, as long as there was a large enough concentration of cloud droplets (small and large) available when a significant number of graupel particles developed in the HM temperature zone.
The modelled results indicate the requirement of a low concentration of primary ice particles for the HM process to initiate which can result from the deposition/condensation freezing. Recently, Hiron and Flossmann (2015) made an assessment of the deposition, condensation, contact, immersion and homogeneous freezing schemes. They found that deposition freezing starts first at higher temperatures, followed by the condensation freezing, and the immersion freezing takes over at lower temperatures. Our modelling results of the initial freezing modes are consistent with the results of Hiron and Flossmann (2015) . However, there is uncertainty about the initial formation of primary ice particles since other freezing modes might contribute to the initial ice formation. For example, biogenic ice nucleating particles can nucleate ice at higher temperatures than soot or dust (Murray et al., 2012) . It is also worth noting that there is debate about the extent to which the deposition and condensation freezing modes exist (e.g. Marcolli, 2014; Wex et al., 2014; Vali et al., 2015) . Also, it has been found that even dust particles, which are often assumed to be insoluble, can act as CCN through adsorption of water or through soluble material being present (Karydis et al., 2011) , which would prevent deposition ice nucleation on these in atmospheric mixed phase clouds.
Three aircraft passes were made in the second case (13 July 2005) at temperatures from −2.5 to −6.6
• C in a cloud that developed over Wales. Supercooled raindrops were observed, but in much lower concentrations than in the 18 May clouds. The concentration of cloud drops was high as a result of the high aerosol concentrations and the concentration of ice particles was low. The simulation of the 13 July case indicated that the HM process did not operate effectively in this cloud mainly because of the low concentration of supercooled raindrops and hence graupel particles.
Sensitivity simulations suggested that the relatively greater number of aerosols and higher cloud-base and cloud-top temperatures also contributed to the ineffective operation of the HM process and thus to the observed low concentration of ice particles in the 13 July cloud. The aerosol properties had an impact on the production of raindrops and graupel particles and thus on the HM process. The cloud-top temperature had an impact on the concentration of the primary ice and then on the production of graupel. Mossop (1978b) attempted to separate cloud conditions which are favourable for the HM process to take place from those which are unfavourable. He suggested that the cloud-base temperature and the cloud drop concentration are the main factors because they govern the concentration of drops greater than 25 μm in the HM zone. The studies of the two cases here indicated that the presence of supercooled raindrops was necessary to the operation of the HM process in the model, but not sufficient. The simulations of the 13 July cloud showed that the sufficient concentration of small droplets (d < 13 μm) in the HM zone was another essential element, which can also be affected by the cloud-base temperature. Therefore, the operation of the HM process was not only affected by the microphysics of the cloud but also the macrophysics.
It is well known that supercooled raindrops play an important role in the ice process (e.g. Koenig, 1977; Lamb et al., 1981; Phillips et al., 2001) . The model results herein are consistent with those of Chisnell and Latham (1976) and .
There remains uncertainty about the interaction of dynamics and the HM process in the observed clouds. For example, it is unclear if there were multiple thermals. So, although the model results suggest that the HM process is responsible for the observed high concentrations of ice particles, it is not possible to provide a full explanation for the development. It should be pointed out that the production of graupel through diffusional growth of ice followed by riming, which is a much slower process, may be still possible for an efficient operation of the HM process if there is sufficient time. One possibility is that the convective clouds possess a multi-thermal structure as observed over New Mexico . Graupel particles produced well above the HM zone may then be incorporated into the new thermal and reach the HM zone.
This article has studied the cloud conditions thought to be important for the HM process with a model that represents the process with parametrized equations. It is claimed that there is a 'strong suggestion' that the HM process is responsible for the production of ice in the 18 May case because the model produces significant ice by the HM process and little ice in the other for physical reasons that match the conditions observed in the clouds. However, Knight (2012) argued convincingly that the rupturing of the frozen shell surrounding the liquid in the larger droplets on the surface of the rimed particles to produce splinters requires a degree of violence that is highly unlikely to occur. He presents results of careful laboratory studies performed at a temperature of −5
• C which show the possibility of a different ice multiplication mechanism that does not involve riming. Recently Lawson et al. (2015) showed that the fracturing of raindrops as observed by Leisner et al. (2014) in the laboratory might lead to a production of secondary ice as they freeze. While the observations in the current work suggest that the total amount of riming is important, there is no information at all on how the ice splinters are produced. Refined laboratory experiments, advanced measurement techniques, and more field campaigns will enable us to understand the secondary ice production better in the future.
